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Introduction
Social life within insect societies is regulated by a sophisticated
multimodal communication network. Complex blends of chemical
compounds are integrated with vibrational, acoustic, and visual sig-
nals to control the division of labor in the colony, from colony de-
fense to brood care (d’Ettorre and Moore 2008; Richard and Hunt
2013; Cervo et al. 2015). It is no surprise that the study of commu-
nication has historically represented a fruitful area of investigation,
leading to marvelous discoveries such as the complexities of the hon-
eybee dance communication (von Frisch 1967; I’Anson Price and
Grüter 2015) and the sophisticated multimodal deception strategies
adopted by socially parasitic species to exploit their hosts (Lenoir
et al 2001; Nash and Boomsma 2008; Barbero et al. 2009; Casacci
et al. 2021).
The recent years have brought a new appreciation specifically
for the variation in social insect communication (Figure 1A). Not all
species behave in the same way as the typical model organisms, such
as honeybees, do. Moreover, many examples have been put forward
of considerable and often unexpected intraspecific variation that
seems like a hindrance for research at first, but can ultimately help
us to better understand the evolution of behaviors (Nehring et al.
2013). For example, signal production and response have been
shown to dramatically vary geographically, so that the same
“message” can be conveyed by different signals in different popu-
lations (e.g., geographic variation in nestmate recognition cues in
ants, Buczkowski and Silverman 2006; social rank signaling in
wasps, Dapporto et al. 2004), or specific signaling systems can be
lacking from entire populations (geographic variation in the use of
visual cues for social recognition in Polistes wasps, Cervo et al.
2015; Tibbetts et al. 2021). Also, signal use might strongly depend
on the context (Cini et al. 2019), so that the response to phero-
mones, for example, depends on the simultaneous presence of
other cues/signals or is even affected by individual experience
(reviewed in Orlova and Amsalem 2019 and Grüter and Czaczkes
2019).
Such diversity and plasticity are the focus of this special column,
which aims at promoting the research effort into variation in social
insect communication. We believe that to understand how commu-
nication evolves and regulates the fascinating insect societies, a deep
and extensive comprehension of the variation in communication,
and its causes and consequences, is required. Diversity and plasticity
of communication are crucial factors facilitating the evolutionary
and ecological success of social insects and their survival in this rap-
idly changing Anthropocenic era (Chapman and Bourke 2001;
Fisher et al. 2019). This special column gathers five research articles
that document variation in social insect communication at several
levels, from fertility signaling within colonies to information ex-
change while foraging, using the three groups of social
Hymenoptera: ant, bees, and wasps (Figure 1B). The work of more
than 20 authors from 8 countries provides an update of some re-
search avenues that go toward the uncovering of variation in social
insect communication.
The Contributions to the Special Column
Two contributions deal with intracolonial chemical communication,
in particular with the variation in cuticular hydrocarbon (CHC) pro-
files. CHC profiles consist of complex mixtures of long-chained
hydrocarbons such as linear alkanes, alkenes, and mono-, di-, and
tri-methyl branched alkanes (Blomquist and Bagnères 2010). The
CHCs form a lipid layer that covers each insects’ epicuticle, some-
times accompanied by other compounds, such as esters, alcohols,
and fatty acids (Lockey 1988). CHCs primarily evolved as an anti-
desiccation and protection layer on the insect cuticle, but during the
evolution of sociality they have also acquired a crucial role as major
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communication molecules (Blomquist and Bagnères 2010;
Leonhardt et al. 2016). In social insects, CHCs mediate many forms
of recognition and information transfer, such as fertility signaling,
nestmate recognition, and foraging recruitment (Sprenger and
Menzel 2020). The importance of CHCs in many aspects of social
insect communication makes them ideal models to investigate the
causes and consequences of variation in complex traits.
A first obvious level of variation in CHCs is interindividual
differences among nestmates. Indeed, CHCs strongly vary among
individuals within a colony, differing among castes, sexes, and vary-
ing according to individual features such as the mating status or
health (Sprenger and Menzel 2020). Individual variation in CHC
blend composition within a colony also strongly contributes to what
could be considered the quintessence of advanced sociality: repro-
ductive division of labor, whereby some individuals specialize in re-
production while others help maintain the nest and provision and
defend the brood (Robinson 1992). In advanced eusocial species,
such as yellowjackets, chemical communication plays a key role in
regulating reproductive division of labor. The queen possesses spe-
cific CHCs that prevent worker reproduction, and thereby maintain
the queen’s reproductive monopoly (Oliveira et al. 2017). How this
chemical regulation evolved from solitary ancestors is still debated
(Nehring and Steiger 2018). One intriguing hypothesis is that repro-
duction and fertility-associated chemical cues were physiologically
coupled already in solitary ancestors. If both were under the control
of a single hormonal factor (hormonal pleiotropy hypothesis, with
the ubiquitous insect growth regulator Juvenile Hormone (JH);
(Riddiford 2012) as a prime candidate, Flatt et al. 2005; Oi et al.
2015), this predisposition would facilitate the evolution of queen
pheromones and maintain signal honesty (Leonhardt et al. 2016).
Oi et al. (2021) tested this hypothesis in four Polistine wasps,
whose rather small and flexible societies are suitable models to in-
vestigate the evolution of fertility signaling. Using both an analog
and an inhibitor of JH, Oi et al. were able to experimentally ma-
nipulate the endogenous levels of JH and to analyze the effects on
fertility and fertility signaling. Their results provide good support
for the hormonal pleiotropy hypothesis, as hormonal treatment
influenced both ovarian development (i.e., fertility) and the abun-
dance of fertility-specific CHCs. This provides support to the idea
that queen pheromones in eusocial insects might have evolved from
chemical variation that was already present, but not used to convey
information, in solitary ancestors (Leonhardt et al. 2016).
While CHC variation between individuals has been widely
documented (Sprenger and Menzel 2020), the possibility that CHC
blends might differ within the same individual has rarely received at-
tention (Bonavita-Cougourdan et al. 1993; Wang et al. 2016; Wang
et al. 2019). Sprenger et al. (2021) now provide the first evidence
that CHC variation among body parts is far from being an exception
in ants. In their paper, the authors investigated the CHC compos-
ition of different body parts in 17 ant species from three different
genera. They found significant variation in the blend composition,
with some body parts being richer in solid CHCs, which melt at
higher temperatures, and other parts where liquid CHCs, melting at
lower temperatures, were more abundant. Interestingly, this pattern
was rather consistent across species, highlighting the relevance of
this phenomenon and suggesting a common mechanism for its pres-
ence across the studied species. The authors discuss the possible
causes, for example, differential rates of transfer and abrasion of
CHC classes according to their biophysical properties, or a regional-
ization in their secretion. Sprenger et al. also evaluate the potential
consequences of such intra-individual variation in CHC compos-
ition: the intra-individual variation might be a factor promoting the
maintenance of intra-colonial variation in CHCs while at the same
time maintaining a homogenous colony odor. For example, queen
pheromones that only the queen should bear may be displayed on
one body part only, while the nestmate recognition cues, which
Figure 1. (A) The attention toward variation, diversity, and plasticity of social insect communication has increased in the last years, as shown by a literature
search on the Scopus database. The graph shows the log number of published papers versus year of publication in the time period 1990–2020. Papers on vari-
ation, diversity, or plasticity in social insect communication (query: TITLE-ABS-KEY(“social insect*” AND (communication OR signal* OR pheromon*) AND (vari-
ation OR diversity OR plasticity))) increased more than generic papers on social insects (query: TITLE-ABS-KEY(“social insect*”)); (B) the topics and study
organisms of the contributions to this special column (images, modified, from Phylopic.org and Wikimedia commons).
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should be uniform across all individuals, are on all other parts of the
body. The study has far-reaching consequences for social insect
researchers. Often, the analysis of only a part of the body is used as
a proxy for the entire animal. Future studies should demonstrate the
extent to which such approximation is admissible. The findings also
trigger many exciting new research questions: To what extent is
intra-individual variation in CHCs present in other social insect
taxa, such as wasps and termites? What are the consequences of
communication and recognition? Are individuals analyzing the
CHCs of different body parts to acquire different information?
Surely, these findings strongly support the need to include another
level of variation in the study of chemical communication within in-
sect societies.
Social insects are often considered to be successful because their
ability to coordinate makes foraging for food very efficient. Once a
worker has found a profitable food source, it can directly guide
other individuals there, or it can lay pheromone trails to the food
source. Honeybees can point other bees in the right direction using
their famous waggle dance (von Frisch 1967). However, coordi-
nated foraging represents only part of the foraging behaviors in
most species: often, workers forage alone. In this special column, we
particularly appreciate the variation in communication by covering
non-model social insects, ecological effects, and interspecific
variation.
Nery et al. (2021) were the first to study appetitive learning in
the bumblebee Bombus pauloensis. This species is understudied in
comparison to other bumblebees like B. terrestris, despite its com-
mercial significance as a pollinator. Nery et al. show that a standar-
dized conditioning protocol developed in honeybees, which is based
on observing the proboscis extension reflex in harnessed individuals
that cannot fly, is also successful in this species. The bumblebees
could remember food-associated odors for at least 48 h. In addition,
Nery et al. show that the bumblebees could transfer what they
learned in the highly controlled setup to more natural contexts when
they could freely fly in cages. The proboscis extension reflex is thus
both a feasible and a meaningful method when working with
B. pauloensis.
The work conducted by da Silva et al. (2021) highlights how so-
cial insects can be flexible in their collective and individual foraging
behavior in response to the immediate context and information on
the food source. The authors evaluated how workers of the ant spe-
cies Pachycondyla striata can select different foraging strategies,
that is, forage solitarily, or recruit and lead nestmates to the food
through tandem running, when food sources vary by their nature
(proteins vs. carbohydrates), size, and distance from the nest, at dif-
ferent temperatures and humidity. Their results show that tandem
runs are quite common, and most ants use this strategy regularly.
However, the tandem running frequency was greater when resources
were closer to the nest and the relative humidity was higher.
Interestingly, tandem runs involving food sources at greater
distances were more successful when food sources consisted of
proteins, suggesting that a more complex transfer of information
takes place between leader and follower ants than previously
thought, and that possibly experience and motivation of individuals
also play a role.
Besides the enormous amount of data collected, this study
provides a valuable contribution to the study of recruitment and
foraging in the ant subfamily Ponerinae, which is little studied
compared to other species of tandem runners, for example,
Temnothorax sp., and to those ant species characterized by mass re-
cruitment. Compared to other studies that were conducted almost
exclusively under laboratory conditions, the study by da Silva et al.
shows how the studied insects behave in their natural habitat. The
results are therefore realistic and reinforce the knowledge gained
from previous laboratory studies, laying the foundations for new
field studies on foraging.
Even though recruiting nestmates to food sources, for example,
through tandem runs, seems intuitively advantageous, only few tests
of this claim exist (e.g. Seeley 1983). I’Anson Price et al. (2021) set
out to test whether species with mass recruitment indeed forage
more efficiently than species without mass recruitment, using a set
of 13 sympatric Brazilian stingless bee species. Surprisingly, they
found no evidence for recruiting species collecting higher-quality
food, or more food, in a given time, than species whose workers for-
age on their own. This curious finding begs the question how else
the relatively elaborate communication that supports mass-
recruiting can pay off, if not through quality or quantity of food.
The authors speculate that mass-recruiting may allow species to
monopolize certain food sources and thus provide the colonies with
a constant food supply, which may have beneficial effects only in
the long run or under certain conditions.
Perspective
The studies compiled in this special column all have the same im-
portant message: we need to be aware of potential variation in the
traits that we study. Ignoring variation can lead to false conclusions
when transferring knowledge from one part of the world to an-
other—heads do not smell like feet. Similarly, if different studies
find different traits for different species, this does not necessarily
mean that the species always differ: if behavior is measured in one
context in one species, but in another context in another species,
functional and dynamic intraspecific variation may be mistaken for
a static interspecific difference. Finally, hypotheses on the evolution
of variation deserve rigorous testing. While it may be easy to devise
intuitive explanations for why two species differ in their communi-
cation, the actual fitness effects may be surprisingly weak.
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